Background: Sorafenib, a multikinase inhibitor that targets angiogenesis in hepatocellular carcinoma (HCC), has become a standard treatment for advanced-stage HCC and has shown survival benefits in recent clinical trials. Transarterial chemoembolization (TACE) and sorafenib are currently standard treatments for intermediate and advanced-stage HCC, respectively. Combined locoregional therapy, including TACE and molecular targeted therapies such as sorafenib, is an issue under active investigation in an attempt to improve the outcomes of patients with unresectable HCC. Summary: Various clinical trials of these combined strategies have been conducted; however, the designs of these studies are diverse in terms of treatment modalities and schedules; comparisons with controls, baseline tumor stages, and hepatic functional reserves; and outcome measures. Key Messages: This article reviews heterogeneity in the design of recent clinical trials of combined locoregional and molecular targeted therapies and briefly addresses future study directions.
Background
Hepatocellular carcinoma (HCC), the sixth most commonly occurring cancer, is ranked as the third leading cause of cancer death worldwide [1, 2] . Because a considerable number of patients are diagnosed with advanced disease, only approximately one-third of HCC patients are eligible for potentially curative treatments such as resection, transplantation [3] , or percutaneous ablation [4] [5] [6] [7] . Transarterial chemoembolization (TACE) has been proven to provide survival benefits in subsets of patients with unresectable HCC and has thus become the standard therapy for patients with intermediate-stage HCC, which comprises multinodular tumors without vascular invasion or extrahepatic spread and preserved liver function in the absence of tumor-related symptoms [8] [9] [10] [11] . However, TACE is considered a palliative treatment modality because complete tumor necrosis is rarely achieved, even with repeated treatments [12, 13] . Additionally, TACE can potentially cause hypoxic changes in tumors as well as in the surrounding liver tissue from the anti-cancer effects of the infused chemotherapeutic agents and embolization of feeding arteries. Ischemic injuries resulting from TACE can induce the upregulation of circulating vascular endothelial growth factor (VEGF), which is important in HCC pathogenesis [14] . Recent studies have reported a significant association between VEGF upregulation after TACE and poor prognosis [15, 16] . Therefore, efforts have been made to improve the outcomes of TACE with the adjuvant or concurrent use of an antiangiogenic agent. A representative example is sorafenib, which was the first systemic agent to provide survival benefits to patients with advanced HCC [17, 18] . Sorafenib is a small molecule tyrosine kinase inhibitor that targets VEGF receptors, Raf kinase, and platelet-derived growth factor receptor-b [19] . Current research trends with respect to combined TACE and systemic antiangiogenic therapy for unresectable HCC were recently and comprehensively reviewed [20, 21] . Consequently, this article covers the following two topics on clinical trial design from a critical viewpoint: (1) a brief review with updates of recent clinical trials that focused on synergistic efficacy by combining intra-arterial locoregional therapy (LRT) and molecular targeted agents (MTAs) with antiangiogenic properties and (2) future perspectives on combined LRT and MTA strategies. For the second topic, two different trial designs of LRT-MTA combinations were addressed in terms of their specific purposes: first, an attempt to overcome refractory responses to repeated TACE, and second, the additive efficacy of TACE to sorafenib in advanced-stage disease.
Heterogeneous Designs of Recent Clinical Trials That Combined LRT and MTA in Patients with Unresectable HCC
According to the recent European Association for the Study of the Liver (EASL) and the European Organisation for Research and Treatment of Cancer (EORTC) guidelines, which use the Barcelona Clinic Liver Cancer (BCLC) staging system, TACE is the current standard of care for patients with intermediate-stage HCC who present with multinodular tumors without evidence of macrovascular invasion or extrahepatic spread and have preserved hepatic functional reserve in the absence of cancer-related symptoms [10] . Procedures of the "conventional" TACE involves: i) superselective catheterization of the tumor feeding vessel(s); ii) intra-arterial infusion of chemotherapeutic agents such as doxorubicin, cisplatin, or various combinations of these agents either with or without a viscous emulsion; iii) tumor feeder artery embolization with gelatin sponge particles or other embolic agents [22] .
However, TACE is considered a non-curative treatment because complete tumor necrosis is difficult to achieve, even with repeated TACE sessions [12] . In a meta-analysis by Llovet and Bruix, the objective response rate to TACE was 35%, and the 2-year survival rate was 41% [23] . In a recent pathologic analysis, complete necrosis was observed in only 43% of 122 HCC nodules [24] . Thus, a high rate of tumor recurrence after TACE is predictable, and this fact explains the finding that 67% of post-TACE deaths in a randomized study were caused by tumor progression [8] . In addition to incomplete necrosis, TACE can potentially cause hypoxia in tumor tissues as well as in the surrounding liver parenchyma from the anti-cancer effects of chemotherapy and embolization of the tumor feeding arteries. Ischemic injury after TACE can induce the upregulation of circulating VEGF [14] , which is essential for HCC growth, invasion, and metastasis. VEGF levels are known to correlate with tumor size, tumor number, vascular invasion, and poor survival in HCC patients [25] . Recent studies have reported that poor prognosis, particularly a higher risk of extrahepatic metastases and reduced progression-free survival, was associated with post-TACE upregulation of VEGF [15, 16] . Based on these concepts, the adjuvant or concurrent use of an antiangiogenic agent, with the intent of complementary inhibition of both angiogenic factors and tumor growth, has been attempted in patients with unresectable HCC for whom TACE was indicated [26] .
To date, there have been more than 20 clinical trials of combined LRT and MTA. In the majority of these trials, the treatment modalities were TACE and sorafenib. Because in-depth reviews of these trials were recently reported elsewhere [20, 21] , this section focuses on the designs of these recent studies, especially those that were published as original articles. Studies that met the following criteria were excluded from further consideration: single-arm studies of which the results were only (partially) available as abstracts at the time of preparation of this review, studies with low numbers of subjects (<20), or (retrospective) studies of observational design. Table 1 summarizes the designs of recent key clinical trials of combined LRT and MTA [27] [28] [29] [30] [31] [32] [33] [34] [35] . The study designs varied widely; for example, there were comparative vs. non-comparative designs, conventional TACE vs. more sophisticated types of intraarterial therapy, and various MTA administration timings and primary endpoints. The most noteworthy feature among these studies was the heterogeneous disease statuses of the study populations in terms of both tumor stages and baseline liver function. This heterogeneity was probably inevitable because initial trials, including the study by Kudo et al., began as early as 2006 [27] . Sorafenib was approved as the standard-of-care for patients with advancedstage, or BCLC stage C, HCC in 2008 after the results of the landmark Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol (SHARP) trial were reported [17] . Later, major evidence-based treatment guidelines endorsed sorafenib as the foundation for treating advanced-stage HCC [10, 13, 36] , and recommendations for prospective trial designs according to the BCLC staging system-based treatment guidelines were recently proposed [10] . The recommended trial designs indicated that the current standard treatment should be used as a control arm in a patient population with a specific BCLC stage, with TACE and sorafenib used for BCLC stage B and stage C patients, respectively. Before establishing this BCLC stage-oriented study design, the abovementioned trials that combined LRT and MTA enrolled patients with "unresectable" HCC, a condition that was not clearly defined and which thus allowed intermingled populations of BCLC stage B and C patients in a single trial. Again, it appeared inevitable that studies designed before the results of the SHARP or Asia-Pacific trials became available would adopt vague inclusion criteria such as "unresectable" HCC [17, 18] . Additionally, patient selection should be limited to those in Child-Pugh class A to derive the benefit of a newly attempted therapy by minimizing type II errors and avoiding competitive risk of death resulting from underlying cirrhosis-related liver failure. The importance of the ChildPugh class on sorafenib therapy outcomes was recently reported in several papers [37] [38] [39] . A retrospective cohort study from Korea reported heterogeneous outcomes for patients treated with sorafenib according to their Child-Pugh score subgroups, and the presence of ascites was a significant prognostic factor in Child-Pugh class B patients [39] . [20, 21] include the safety and efficacy of combined therapies in Child-Pugh class B or C patients, the optimal timing of MTA relative to LRT, the most beneficial type of LRT for combined therapy, the proper methods for radiological evaluations, and validated serum biomarkers. Moreover, we hereby suggest the following more fundamental questions concerning trial design: to whom, and when, should the LRT-MTA combination be applied to achieve the maximum benefit? To answer the first question on the basis of current standard HCC management, a randomized controlled trial of LRT alone vs. LRT [40] .
Among the various LRT methods, including conventional TACE, TACE with drug-eluting beads (DEB-TACE), and radioembolization, conventional TACE could be the appropriate LRT modality. Although DEB-TACE has shown less toxicity and similar outcomes compared with conventional TACE, it has not demonstrated a definite superiority to conventional TACE in terms of overall survival (OS) [41] . Despite promising results, it is not known whether radioembolization confers more benefits than conventional TACE or DEB-TACE [42, 43] . The selection of a proper MTA for combined therapy appears less controversial than the choice of LRT modality because sorafenib is currently the only approved MTA for HCC and has proven efficacy in advanced-stage HCC. Considering the second question, the timing of MTA administration is another difficult issue. Among the three previously proposed combination regimens, i.e., sequential, interrupted, and continuous schedules, the latter two suggest administering the combination from the beginning of treatment [26] . However, patients with intermediatestage HCC are known to have a median survival duration of up to 20 months when treated with TACE [10] . If a patient responds well to TACE and achieves a complete response after one or two sessions, the additive survival benefit of combined MTA administered from the beginning of treatment might be difficult to detect. The synergistic effectiveness of the TACE-MTA combination when administered throughout treatment in intermediate-stage patients was not consistently established in recent clinical trials because of the heterogeneity in the trial designs. A more desirable LRT-MTA combination schedule would focus on improving the outcomes of patients who respond poorly to TACE. From this point of view, the concept of "TACE refractoriness" has been suggested [44, 45] , and a combination strategy for TACE refractoriness is addressed in the next section.
Future Directions for LRT-MTA Combination Strategies
To Overcome TACE Refractoriness in Intermediate-Stage HCC Recent EASL-EORTC guidelines recommend switching to sorafenib if non-responsiveness to at least two cycles of TACE is observed in intermediate-stage HCC patients [10] . This recom-mendation is referred to as "treatment stage migration," based on the results of the SHARP trial [17] . However, the SHARP trial did not aim to investigate the efficacy of sorafenib in uniformly TACE-refractory patients. The appropriate strategy for TACE-refractory patients has not yet been fully investigated. Moreover, the definition of "TACE refractoriness" has not been established. A recent cohort study of 264 TACE-treated patients suggested that disease progression during the first 6 months from the initial TACE treatment or a requirement for three sessions of repeated TACE within the first 6 months might be considered criteria for TACE refractoriness [46] . Because TACE refractoriness is an ill-defined concept, further investigations are urgently warranted to define and overcome this phenomenon in the near future and to verify whether a combined approach of TACE and MTA might be an effective therapeutic option for TACE refractoriness.
To Improve the Outcomes of Patients with Advanced-Stage HCC by Adding LRT to Sorafenib
There are limited data regarding the efficacy of TACE for advanced-stage HCC. TACE has been contraindicated in HCC patients with portal venous invasion or extrahepatic spread [44] because of concerns of hepatic decompensation following TACE in the former and a lack of sufficient data in the latter. However, recent reports suggested that TACE can be safely performed and may confer survival benefits to carefully selected advanced-stage HCC patients with vascular invasion and/or extrahepatic metastases [47] [48] [49] [50] [51] [52] . Some experts have advocated the addition of TACE to treatment guidelines for cases of portal venous invasion if the first-order branch from the main portal vein is not involved [45] . With this background, a randomized, controlled, multi-center, open-label phase III study in patients with advancedstage HCC was recently initiated in Korea (STAH trial, NCT01829035). A total of 338 patients were randomized (1:1) to either combined sorafenib with conventional TACE therapy or sorafenib monotherapy. TACE will be repeated on an on-demand basis. The primary outcome is OS, and the secondary outcome variables include the time to progression (TTP), tumor response rate, progression-free survival, and safety. Notably, the inclusion criteria comprise advanced-stage HCC and TACE-refractory HCC, which was defined as either disease progression or the requirement for three sessions of repeated TACE within the first 6 months after the initial TACE treatment, as described earlier [46] .
Conclusion
Treatment strategies continue to evolve to achieve better survival in HCC patients. As part of this effort, combined treatment strategies, particularly the combination of LRT with MTA, have become an active topic of investigation in the field of HCC treatment. A representative example, i.e., combined TACE and sorafenib, has produced promising results in recent clinical trials. However, the study designs of those trials were highly variable in terms of the treatment schedules, comparisons with controls, the baseline tumor characteristics and hepatic function of the study subjects, and outcome variables. In addition to verifying the synergistic effect, future trials should address whether combinations with MTA can overcome TACE refractoriness in intermediate-stage HCC patients and whether TACE might have an additive role when combined with sorafenib for advanced-stage HCC treatment. Recently initiated clinical trials are expected to provide answers to these questions.
